Introduction
Modeling metal cutting processes with the aid of plasticity theory has been a great interest to researchers. The earliest model to describe the metal cutting process is based on the shear plane assumption of Ernst and Merchant ͓1͔. Improvements to this model have been made by Lee and Schaffer ͓2͔ in which rigidplastic workpiece material is assumed and slip-line field analysis is used to model the shear zone. Later, cutting models that included friction, and material behavior at high strains, strain rates, and temperatures are followed ͓3-5͔. The most significant contribution to the field is the parallel-sided shear zone theory introduced by Oxley and co-workers ͓6͔. They developed a model for orthogonal cutting to predict forces and average temperatures and stresses in the deformation zones by using ͑1͒ flow stress data of the work material as a function of strain and velocity-modified temperature which couples strain rate to temperature, ͑2͒ thermal properties of the work material, ͑3͒ tool geometry, and ͑4͒ cutting conditions.
In metal cutting, work material goes severe deformations and shearing, specifically, at very high deformation rates and temperatures. Work material flow stress determined through tensile and/or compression tests may not be valid to represent deformation behavior in the ranges of strain, strain rate, and temperature observed during, especially, high-speed machining. In addition, friction between work material and cutting tool surface plays a significant role upon predicted or simulated force, stress and temperature distributions. It has been widely reported that a good understanding of metal cutting mechanics and reliable work material flow stress data and friction properties between the work material and the cutting tool edges must be generated for high speed cutting conditions where typically strain rates up to 10 6 s −1
and temperatures up to 1200°C are possible ͓7-11͔.
On the other hand, there has been a considerable amount of research devoted to developing the finite element method ͑FEM͒ based on numerical models in order to simulate metal cutting processes. FEM based models are highly essential in predicting chip formation, computing forces, distributions of strain, strain rate, temperature, and stress in cutting zones; the chip and the machined work surface as long as accurate work material flow stress models in the function of strain, strain rate, and temperatures are available, and friction characteristics between the cutting tool and the workpiece interfaces are known ͓7,8,12͔.
Johnson-Cook Material Model
The flow stress models that describe the work material behavior as a function of temperature, strain and strain rate, are considered highly necessary to represent work material constitutive behavior under high-speed cutting conditions for work materials. Unfortunately sound theoretical models based on atomic level material behavior are far from being materialized as reported by Jaspers and Dautzenberg ͓9͔. Therefore, semiempirical constitutive models are widely utilized. Among such models, the constitutive model proposed by Johnson and Cook ͓13͔ describes the flow stress of a material with the product of strain, strain rate, and temperature effects that are individually determined as given in Eq. ͑1͒,
In the Johnson-Cook ͑JC͒ constitutive model, the parameter A is the initial yield strength of the material at room temperature and a strain rate of 1 s −1 and represents the plastic equivalent strain.
The equivalent plastic strain rate is normalized with a reference strain rate 0 . The temperature term in the JC model reduces the flow stress to zero at the melting temperature of the work material, T m , leaving the constitutive model with no temperature effect. In general, the constants A, B, C, n, and m of the model are fitted to the data obtained by several material tests conducted at low strains and strain rates and at room temperature as well as the split Hopkinson pressure bar ͑SHPB͒ tests at strain rates up to 10 4 s −1 and at temperatures up to 600°C ͓8,9͔. The JC model provides a good fit for strain-hardening behavior of metals and it is numerically robust and can easily be used in FEM simulation models ͓9͔. Zerilli and Armstrong ͑ZA͒ derived an alternative constitutive model for metals with a crystal structure distinction by using dislocation-mechanics theory ͓14͔.
Many researchers used the JC constitutive model for deformation behavior of metal alloys at high strain rate and temperatures and identified the material constants from SHPB tests ͓9,13,15-17͔. Among those, Lee and Lin ͓16͔ presented a JC model for high temperature deformation behavior of a titanium alloy, Ti6Al4V, obtained from SHPB test results at a strain rate of 2000 s −1 but temperatures up to 1100°C. Meyer and Kleponis ͓17͔ also studied high strain rate behavior of Ti6Al4V and fitted their experiments into the JC constitutive model obtained at strain rates up to 2150 s −1 and at room temperatures. Both research groups also discussed advantages and disadvantages of using the JC constitutive model for Ti6A4V. Jaspers and Dautzenberg ͓9͔ developed both JC and ZA models for AISI 1045 steel and Al 6082-T6 aluminum to account for deformations at high strain rates and temperatures by utilizing SHPB test results. All of those studies indicate that SHPB tests are capable of generating flow stress data at high strain rate and temperature but not at the levels observed in cutting regimes. In this paper, we are only concerned with three materials selected to benchmark the methodology presented and there are AISI 1045 steel, Al 6082-T6 aluminum, and Ti6Al4V titanium alloys ͑see Table 1͒ .
Determination of Work Flow Stress From Orthogonal Cutting Tests
In the past, some researchers utilized the orthogonal cutting process as a material property test in order to obtain work material flow stress data. Among them, Shatla et al. ͓18͔ used Oxley's parallel sided thin shear zone orthogonal cutting model and empirically determined constants of the modified JC model by applying orthogonal high-speed slot milling experimentation technique ͓12͔. They presented some findings for the modified JC model for tool steels AISI P20 and AISI H13, and aluminum, Al 2007. Tounsi et al. ͓19͔ formulated an analytical model for orthogonal cutting to identify variables of the JC constitutive model. They applied the least-square estimator method to obtain variables of the JC constitutive model. Thickness of the primary shear zone is assumed constant and it is approximated as one-half of the uncut chip thickness. They presented JC models for 42CD4U steel, S300 steel, 316L stainless steel, and 35NCD16 steel. Adibi et al. ͓10,20͔ extended Oxley's analysis and applied to different material models including the JC constitutive model.
Experimental evidence presented by Zorev ͓3͔, Childs ͓8͔, and Lee et al. ͓21͔ depicted that the normal and frictional stress distributions are not uniform over the tool rake face. However, Oxley's model assumes that the normal and frictional stress is constant at the tool rake face ͓6͔. The studies reviewed in determining flow stress and using the JC work material model ͓10,18-20͔ used Oxley's assumption and have presented no new solutions to interfacial friction that take place at the tool-chip interface.
In this paper, we aim to determine the constants of the JC constitutive model as work material flow stress at excessive strain, strain rate and temperature regimes as well as interfacial friction at tool-chip interface by utilizing orthogonal cutting test results that include measured values of machining forces and chip thickness. The constants of the JC model are computed by applying Oxley's slip-line field analysis in reverse ͓6͔. An experimentally determined slip-line field analysis, which is originally proposed by Tay et al. ͓4͔ , is used for the secondary deformation zone. The orthogonal cutting test results are used in determining stress distributions on tool rake face and hence the frictional constants at tool-chip interface. The analysis presented in this paper is based on continuous chip formation assumption.
Oxley's Analysis of Machining
A simplified illustration of the plastic deformation for the formation of a continuous chip when machining a ductile material is given in Fig. 1 . There are two deformation zones in this simplified model-a primary zone and a secondary zone. It is commonly recognized that the primary plastic deformation takes place in a finite-sized shear zone. The work material begins to deform when it enters the primary zone from lower boundary CD, and it continues to deform as the material streamlines follow smooth curves Transactions of the ASME until it passes the upper boundary EF. Oxley and co-workers ͓6͔ assumed that the primary zone is a parallel-sided shear zone. There is also a secondary deformation zone adjacent to the toolchip interface that is caused by the intense contact pressure and frictional force. After exiting from the primary deformation zone, some material experiences further plastic deformation in the secondary deformation zone. Using the quick-stop method to experimentally measure the flow field, Oxley ͓6͔ proposed a slip-line field similar to the one shown in Fig. 1 . Initially, Oxley and coworkers assumed that the secondary zone is a constant thickness shear zone. In this study, we assume that the secondary deformation zone is triangular shape and the maximum thickness is proportional to the chip thickness, i.e., ␦t c .
The slip-line field and the corresponding hodograph indicated that the strain rate in the primary deformation zone increases with cutting speed and has a maximum value at plane AB. Based on this experimental observations, Oxley proposed the empirical relation in Eq. ͑2͒ for the average value of the shear strain rate along AB,
The velocity along the shear plane is
In Eq. ͑2͒, C 0 is a material and cutting condition dependent constant representing the ratio of the thickness of the primary zone to the length of plane AB. The shear angle can be estimated from Eq. ͑4͒,
sin ␣
͑4͒
Oxley and co-workers ͓6͔ found that material constant C 0 is cutting condition dependent but approximated that C 0 = 5.9 for the mild steel used in their experiments. Although the strain rate is slightly higher in the vicinity of the tool cutting edge, its value remains relatively constant over the majority of plane AB ͓6͔. The shear strain occurring in the primary deformation zone, and therefore corresponds to the average shear strain in the primary deformation zone,
In the primary zone, the shear stress stays the same on plane AB, and the average value of shear stress at AB is given by Eq. ͑6͒,
The shear force F S is calculated from the measured cutting force F C and feed force F T , as shown in Eq. ͑7͒,
Huang and Liang ͓22͔ used Oxley's model and applied it to force prediction in CBN hard turning. Adibi et al. ͓10,20͔ extended Oxley's analysis of orthogonal cutting to use for carbon steels AISI 1020 and AISI 1040 steels, as well as aluminum alloys Al 2024-T3, Al 6061-T6, and Al 6082-T6.
Assessment of Temperature Models.
Due to the difficulties associated with routinely measuring meaningful machining temperatures, developing mathematical models for machining temperature has been widely used as an attractive alternative. Earlier analytical work on the steady-state temperatures generated during metal cutting was due to Trigger and Chao ͓23͔, Chao and Trigger ͓24͔, Loewen and Shaw ͓25͔, and Leone ͓26͔. Many other analytical models are introduced later including the model of Boothroyd ͓27͔ as modified by Oxley and co-workers ͓6͔. Recently, two new temperature models are introduced by Tounsi et al. ͓19͔ and Adibi et al. ͓10͔. All of these temperature models consider an average temperature rise due to shearing in the primary deformation zone and a temperature rise due to additional shearing and friction in the secondary deformation zone. Komanduri and Hou ͓28͔ proposed a more detailed thermal modeling approach based on oblique moving heat source theory to predict temperature fields instead of average temperatures in orthogonal cutting. We only consider temperature models for predicting average temperatures in the primary and secondary deformation zones, for simplicity in implementing into proposed methodology to determine flow stress and friction parameters ͑Fig. 2͒.
Oxley and co-workers ͓6͔ utilized a modified Boothroyd's temperature model ͓27͔ and used it in their analysis. In this model, the temperature rise at the primary shear zone is given by Eq. ͑8͒,
where
The average tool-chip interface temperature is the average temperature at the primary zone plus the maximum temperature in the chip that is given in Eq. ͑11͒,
The maximum temperature rise in the chip, ⌬T M and the interface temperature factor can be calculated, once the thickness of the tool-chip interface ␦t c , and tool-chip contact length l c are found, 
The average temperature rise in chip, ⌬T C , is given by
The tool-chip contact length, l c , can be found by
where the angles and are given with Eqs. ͑14͒ and ͑15͒.
In this study, we present an assessment of temperature models proposed by various machining researchers in order to identify a model that is in closest agreement with experiments. For this purpose, the cutting test data obtained for AISI 1045 steel during the assessment of machining models ͑AMM͒ activity ͓29͔, which is summarized in Table 2 , has been utilized. The comparison of the predicted forces and average temperatures along AB and at the tool-chip interface with experiments is shown in Figs. 3-6, respectively. It is convincing that good agreements between the predicted and measured forces and temperatures are obtained when using a temperature model proposed by Oxley and co-workers ͓6͔.
Determination of Strain, Strain
Rate, Temperature, and Flow Stress in the Primary Deformation Zone. The average shear strain rate, shear strain, and shear stress in the primary deformation zone are given by Eqs. ͑2͒, ͑5͒, and ͑6͒, respectively. Using the Von Mises criterion, they can be related to the equivalent stress, strain, and strain rate using Eq. ͑16͒,
͑16͒
In order to determine the constants of the JC constitutive model, a set of orthogonal cutting experiments is performed to measure the forces F C and F T in various cutting conditions and later values of AB , AB , AB , and T AB are computed.
Identifying the best fit for the constants of JC model, A , B , C , m , n is in fact quite challenging due to the high nonlinearity imposed when using inverse solution of Oxley's analysis In this study, the constants of JC model are determined by using a nonlinear regression solution based on the Gauss-Newton algorithm with Levenberg-Marquardt modifications for better global convergence ͓30͔. The only unknown value at this point is C 0 , which is given by Eq. ͑17͒,
In Eq. ͑17a͒, p A and p B are the hydrostatic stresses at points A and B, respectively, which can be determined from measured machining forces and stress state at point A as shown in Eqs. ͑17b͒ and ͑17c͒ ͓6͔. The parameter C 0 is solved in an iterative procedure and the constants of the JC constitutive model are computed ͑Fig. 7͒. Therefore, the determined JC constitutive model as work material flow stress can be directly used in the FEM simulations of metal cutting.
Analytical Model for Tool-Chip Interfacial Friction
Interfacial friction on the tool rake face is not continuous and is a function of the normal and frictional stress distributions. According to Zorev ͓3͔, the normal stress is greatest at the tool tip and gradually decreases to zero at the point where the chip separates from the rake face as shown in Fig. 2 . The frictional shearing stress distribution is more complicated. Over the portion of the tool-chip contact area near the cutting edge, sticking friction occurs, and the frictional shearing stress, int is equal to average shear flow stress at tool-chip interface in the chip, k chip . Over the remainder of the tool-chip contact area, sliding friction occurs, and the frictional shearing stress can be calculated using the coefficient of friction e . This section describes a methodology to determine the shearing stress in the sticking region and the coefficient of friction in the sliding region, based on the measured machining forces, F C and F T , and the measured ͑or calculated͒ tool-chip interface contact length l c .
The normal stress distribution on the tool rake face can be described by Eq. ͑18͒
In Eq. ͑18͒, x is the distance from the cutting edge, and a is the power exponent that must be calculated. Integrating the normal stress along the entire tool-chip contact length yields the relation in Eq. ͑19͒,
F N is the normal force on the tool rake face determined from Eq. ͑20͒
Oxley ͓6͔ showed that N max can be estimated by analyzing the hydrostatic stress along AB, yielding Eq. ͑21͒,
Combining Eqs. ͑19͒-͑21͒, it can be shown that the power exponent a is obtained as given in Eq. ͑22͒,
Normal stress distribution over the rake face is fully defined and the coefficient of friction can be computed, once the values of the parameters N max and a are found. The shear stress distribution on the tool rake face illustrated in Fig. 2 can be represented in two distinct regions: ͑a͒ in the sticking region: int ͑x͒ = k chip and when e N ͑x͒ ജ k chip , 0Ͻ x ഛ l P ; ͑b͒ in the sliding region: int ͑x͒ = e N ͑x͒ and when e N ͑x͒ Ͻ k chip , l P Ͻ x ഛ l C . Here k chip is the shear flow stress of the material at tool-chip interface in the chip and it is related to the frictional force between the chip and the tool, F F , which is given in Eq. ͑23͒,
The relation between the average coefficient of friction in the sliding region e and k chip is also given in Eq. ͑24͒.
Combining Eqs. ͑23͒ and ͑24͒ leads to the expression for k chip as shown in Eq. ͑25͒
The frictional force component F F is given by Eq. ͑26͒.
As shown in Fig. 1 , the shape of the secondary plastic zone in the sticking region can be assumed triangular according to Tay et al. ͓4͔ . On the rake face point N is located at the interface between the sticking and sliding regions. Line MN is a type II slip-line that is assumed to be straight. A similar approach proposed by Oxley ͓6͔ can be taken to analyze hydrostatic stresses along MN, and to compute the length of sticking region, l P using Eq. ͑27͒,
The maximum thickness of the secondary zone is ␦ . t c as shown in Fig. 1 and ␦ is another parameter yet to be determined iteratively.
According to Oxley ͓6͔, the average shear strain rate and shear strain are considered constant and can be estimated from Eqs. ͑28͒ and ͑29͒ in the secondary zone.
͑29͒
The shear flow stress, shear strain rate, shear strain, and temperature for the secondary zone are given by Eqs. ͑25͒, ͑28͒, ͑29͒, and ͑13͒, respectively. The only unknown in the solution process is the value of ␦ which is often solved based on the minimum work criterion proposed by Oxley ͓6͔. As derived in the Appendix, the difference between hydrostatic stresses at points M and N ͑p M and p N , respectively͒ is given again in Eq. ͑30a͒,
As shown in Fig. 1 , point M is on line AB, and p changes proportionally along AB as p B Ͻ p A remains and the hydrostatic stress at point M can be given as Eq. ͑30b͒,
The hydrostatic stress at point N is equal to the normal stress at l p as shown in Eq. ͑31͒,
The only unknown in Eqs. ͑29͒, ͑30͒, and ͑31͒, ␦, is solved in an iterative procedure and together with the frictional parameters; k chip , int , N max , l p , l c , a, and e , is determined as part of the entire determination of the work material flow stress and frictional parameters at the tool-chip interface using orthogonal cutting tests ͑Fig. 8͒.
Results
The goal of this work is to present a methodology in order to determine work material flow stress as the deformation rates arise in machining and estimate friction characteristic at tool-chip interface for use in FEM simulations of metal cutting. For this purpose, a work material constitutive model developed by Johnson and Cook ͓13͔ is used as the work material flow stress model. The friction model at the tool-chip interface is based on estimation of normal and frictional stress distributions along the tool rake face. The constants of the JC constitutive model and frictional parameters can be computed in an iteration scheme by utilizing an inverse solution of Oxley's machining theory and orthogonal cutting tests for various cutting conditions. Computed friction parameters include; maximum normal stress on the rake face, N max , power exponent of the normal stress distribution, a, length of the plastic contact ͑sticking region͒ at the tool-chip interface, l p , tool-chip contact length, l c , average shear flow stress in the chip, k chip , co- Transactions of the ASME efficient of friction in sliding region of the tool-chip interface, e . The tool-chip interface friction parameters are used in estimation of normal and frictional stress distribution over the rake face. The methodology presented in this work is used in determining flow stress properties of three benchmark materials, AISI 1045 steel, Al 6082-T6, and Ti6Al4V alloys. The flow stress data obtained from SHPB tests is combined with the flow stress determined under the orthogonal cutting conditions just before running into the nonlinear regression step as shown in the flow chart given in Fig. 8 .
AISI 1045
Steel. The orthogonal cutting tests results for AISI 1045 are adopted from Oxley ͓6͔ that are performed for 0.38% carbon steel. The cutting conditions are given in Table 3 . The flow stress data of SHPB tests adopted from Jasper and Dautzenberg ͓18͔ is combined with the flow stress determined under the orthogonal cutting conditions. The constants of the JC material model for work flow stress are computed as A = 451.6, B = 819.5, C = 0.0000009, n = 0.1736, and m = 1.0955 for the extended ranges of strain ͑0.051-1.07͒, strain-rate ͑1 -17766 s −1 ͒ and temperature ͑20-721°C͒. Those constants are found in close agreements with the ones determined by Jasper and Dautzenberg ͓9͔, as given in Table 1 , indicating the success of the proposed methodology. The details of the computed process variables in the primary and secondary deformation zones are given in Table 4 . The parameters of the tool-chip interface friction model are also computed by using the methodology proposed in this study as shown in Table 5 .
Al 6082-T6.
This methodology is also applied to determine the constants of JC material model for an aluminum alloy, Al 6082-T6. The orthogonal cutting test data is obtained from the work done by Adibi-Sedeh and Mahdavan ͓10͔ and given in Table  6 . The flow stress data of SHPB tests adopted from Jasper and Dautzenberg ͓9͔ is combined with the flow stress determined under the orthogonal cutting conditions. The constants of the JC material model for work material flow stress are computed as A = 442.95, B = 324.62, C = 0.0000010186, n = 1.0261, and m = 1.3116 for the extended ranges of strain ͑0.05-0.7889͒, strainrate ͑1 -18295 s −1 ͒ and temperature ͑20-510°C͒. Determined constants of the JC material model are found in close agreement with the ones obtained through SHPB tests by Jasper and Dautzenberg ͓9͔ as shown in Table 1 . The details of the computed process variables in the primary and secondary deformation zones are given in Table 7 . Computed parameters of the tool-chip interface friction model are given in Table 8. 6.3 Ti6Al4V. The same methodology is also applied to determine the constants of the JC material model for Ti6Al4V, a popular aerospace alloy. The orthogonal cutting test data that is utilized in determining flow stress for the titanium alloy Ti6Al4V is taken from the work done by Barry et al. ͓31͔ and given in Table 9 . Barry et al. stated that the chip formation was continuous with sawtooth shapes and at high cutting speeds a thermoplastic instability occurred. Therefore, we utilized the cutting test data only up to 60 m / min of cutting speed. In each of the cutting conditions given in Table 9 , cutting and thrust forces and chip thickness are Table 3 Conditions and measured process variables in orthogonal cutting tests performed for 0.38% carbon steel "w =4 mm,␣ = −5 deg… †6 ‡ a Calculated by using Eq. ͑4͒ Table 4 Computed process variables in the deformation zones and at tool-chip interface in machining 0.38% carbon steel "w =4 mm,␣ = −5 deg… Table 5 Computed parameters of C 0 , ␦, and tool-chip interfacial friction in machining 0.38% carbon steel "w =4 mm,␣ = −5 deg… measured. However, the tool-chip contact conditions are not measured in this experimental work. Therefore, we estimated toolchip contact length using Eq. ͑13͒.
The flow stress data of SHPB tests adopted from Lee and Lin ͓16͔ is combined with the flow stress determined under the orthogonal cutting conditions. The determined constants of JC work material constitutive model are given as A = 859.55, B = 639.75, C = 0.000002215, n = 0.225, and m = 1.112 for the extended ranges of strain ͑0.05-0.79͒, strain-rate ͑1 -84993 s −1 ͒ and temperature ͑20-657°C͒. The comparison of the two sets of JC constants indicate that the developed methodology is practical and it is capable of extending work material flow stress model to the deformation regimes, i.e., high strain rate and high temperature, seen in machining. However it should be noted that the JC material model constant C for strain rate sensitivity has become smaller than the constants obtained from SHPB tests. This is expected, as at the increased cutting speed thermal softening may dominate the strain rate sensitivity. The methodology also predicts the process variables in the primary and secondary deformation zones. The predicted average strain, strain-rate, shear flow stress, and temperature both on the shear plane AB ͑primary deformation zone͒ and at the tool-chip interface ͑secondary deformation zone͒ are given with respect to the cutting test conditions in Table 10 .
The methodology developed here is used in conjunction with orthogonal cutting tests that are obtained from the literature for Ti6Al4V titanium alloy and the detailed interfacial parameters are computed as shown in Table 11 .
Conclusions
This paper utilizes an extended metal cutting analysis originally developed by Oxley and co-workers ͓6͔ and presents an improved methodology to expand applicability of the Johnson-Cook material model to the cutting regimes and simultaneously determine friction characteristics at the tool-chip interface from the results of orthogonal cutting tests.
A number of cutting temperature models are also used in characterizing the accuracy of the average temperatures at primary and secondary deformation zones. Predictions using various temperature models are compared with the results of orthogonal cutting test data obtained for AISI 1045 through assessment of machining models ͑AMM͒ activity ͓29͔. The temperature model introduced by Oxley ͓6͔ is found most closely predicting the average temperature in shear plane and at the tool-chip interface.
The methodology developed for determining work flow stress and friction at tool-chip interface requires experimental data for cutting and thrust forces and chip thickness. The methodology is practical and computes both the parameters of work material Johnson-Cook constitutive flow stress model and the interfacial friction characteristics over the rake face. The extended JohnsonCook work flow stress constants and tool-chip interfacial friction characteristics can be directly entered into most FEM software. This methodology has been effectively applied to characterize flow stress for AISI 1045 steel, Al6082-T6, and Ti6Al4V alloys at machining regimes and the friction parameters at the tool-chip interface by using the orthogonal cutting tests. The predicted flow stress at extended ranges is used in determining the constants of the Johnson-Cook constitutive material model. Therefore, the applicability of the Johnson-Cook material model for work material is extended beyond the typical ranges of SHPB tests.
Nomenclature
A ϭ plastic equivalent strain in Johnson-Cook constitutive model ͑MPa͒ a ϭ power exponent of the normal stress distribution on the tool rake face B ϭ strain related constant in Johnson-Cook constitutive model ͑MPa͒ Table 10 Computed process variables in the deformation zones and at tool-chip interface in machining Ti6Al4V alloy "w = 1.1 mm, ␣ = −6 deg… 
